Abstract 100-W class power storage systems were developed, which comprised spherical Si solar cells, a maximum power point tracking charge controller, a lithium-ion battery, and one of two different types of direct current (DC)-alternating current (AC) converters. One inverter used SiC metal-oxide-semiconductor field-effect transistors (MOSFETs) as switching devices while the other used Si MOSFETs. In these 100-W class inverters, the ON resistance was considered to have little influence on the efficiency. Nevertheless, the SiC-based inverter exhibited an approximately 3% higher DC-AC conversion efficiency than the Si-based inverter. Power loss analysis indicated that the higher efficiency resulted predominantly from lower switching and reverse recovery losses in the SiC MOSFETs compared with in the Si MOSFETs.
Introduction
Modern power device requirements include a high blocking voltage, a low ON resistance, a high switching frequency, and good reliability. These requirements have led to great interest in power devices based on wide gap semiconductors such as GaN and SiC [1] [2] [3] . The main advantage of wide gap semiconductors is their very high electric field capability. Wide gap semiconductors possess high critical field strengths. This means that a thinner epi layer is required to block the same voltage compared with Si devices. Thus, switching devices with much lower ON resistances can be fabricated using GaN or SiC. A lower ON resistance improves the efficiency of inverters due to reduced conduction and switching losses, and also decreases the module size due to the increased power density. The high electron mobility of GaN allows switching operations with higher frequencies, which also decreases the module size because of the smaller passive components. The excellent thermal stability of SiC and GaN should enable devices based on these materials to operate at high temperatures. The improvement in system performance that can be achieved by an improvement in device performance is an important consideration for such devices. Considerable research has focused on developing power converters using SiC devices in an attempt to answer this question [4] - [11] . A comparative study for Si-and SiCbased power converters was also reported in [12] [13] . In these papers, the power converters were examined as a stand-alone equipment. Concerning photovoltaic power applications, however, performances of total systems using these converters should be also compared.
In this study, Si-and SiC-based inverters were compared with respect to performance of the total system including solar cell panels, a maximum power point tracking (MPPT) controller, and a storage battery as well as the inverter. We developed photovoltaic power generation systems based on two different direct current (DC)-alternating current (AC) converters. One inverter contained SiC metal-oxide-semiconductor field-effect transistors (MOSFETs) as switching devices while the other inverter contained Si MOSFETs. Stabilities of electrical power and DC-AC conversion efficiencies of the SiC-and Si-based systems were measured and compared. The compositions of power losses were also analyzed to understand the physical origin of the conversion losses in these systems. The capacity of handling power was set at around 100 W to enable portability.
Lightweight spherical Si cell panels [14] were used as the power source. Spherical Si cells that are lightweight, flexible, and economical are suitable for self-sustaining energy systems such as portable electronic devices, solar-powered cars, and emergency power supply systems. This study also aimed to evaluate the feasibility of the photo-voltaic power generation system based on spherical Si cells and the SiC-based inverter. Figure 1 shows a schematic of the photovoltaic power generation systems. We previously reported two systems capable of operating independently, based on two different DC-AC converters [15] [16] [17] . One inverter contained Si MOSFETs as switching devices (Daiji Industry, SXCD-300) while the other contained SiC MOSFETs. The SiC-based inverter was prepared by replacing Si MOSFETs (Fairchild, FQPF16N25C) [18] in SXCD-300 with SiC MOSFETs (Rohm, SCT2120AF) [19] . The inverter consisted of a front stage DC-DC converter followed by a second stage DC-AC converter. The Si MOSFETs of the Figure 2 . In accordance with lowering of the solar radiation power after 14:30, a voltage reduction of the Li-ion battery became significant in the Si inverter system, which resulted in a gradual decrease in the input voltage (V in ). However, the input power (P in ) was almost kept constant due to the constant load power, and hence, the input current (I in ) was gradually increased. This kind of behavior was less significant in the SiC inverter system where the conversion efficiency was higher than that of the Si inverter system. Concerning the output voltage (V out ), current (I out ), and power (P out ), no fluctuation was observed in both systems. The DC-AC conversion efficiency increased from 83.4 to 86.5% using the SiC-based inverter. Thus, losses were reduced from 16.6 to 13.5% using the SiC-based inverter. This efficiency improvement in the SiC inverter was considered as a result of reduced switching and reverse recovery losses in the SiC MOSFETs, which are discussed in the next section. and DC-AC conversion efficiency, respectively, for Si-and SiC-based inverters.
Materials and Methods

Results
Stability of Electricity
The load power was set at 10 W. In this case, discharge of the Li-ion battery was hardly observed. The currents (I in and I out ) and voltages (V in and V out ) were almost constant throughout a whole measurement, but an initial decrease was observed in the input power (Figure 4(a) ), which would be due to an initial variation of the efficiency. Besides, there was no significant difference in the efficiencies of the SiC-and Si-based inverters, as shown in Figure 4 (b). Under low output power conditions (P out < 20 W), the efficiency was predominantly determined by the non-load losses due to the transformers in the DC-DC converter circuit, the electrolytic capacitors of the filter circuit, and so on. Since the present SiC inverter was provided by just replacing a Si switch in the Si inverter with a SiC switch, non-load losses were considered to be invariable between them, and hence, no significant difference was expected in the efficiencies under low output power conditions.
Conversion Efficiencies
Two different measurements were carried out to study the influence of output power on the DC-AC conversion efficiency. One was the step load measurement, where the load power was increased stepwise from 5 to 179 W, and held at each step for 5 min. The other was the steady state measurement, where the load power was kept constant, and the DC-AC conversion efficiency was determined by time average for 1 or 2-hour duration measurements after the initial variation. under steady state measurement. This may have been attributed to the fact that the initial variation was more significant for the Si-based inverter than the SiCbased inverter. The decrease in efficiency at the low output power region also suggested the presence of non-load losses that were independent of the load power.
Loss Analysis
The conduction loss of an inverter consists of contributions from a field-effect transistor (FET) (P fet ) and a body diode (BD) implemented between the source and drain (P bd ). Assuming a sinusoidal load current, P fet and P bd are expressed by [20] : Figure 5 . DC-AC conversion efficiencies versus output power for Si-and SiC-based inverters measured under (a) step load and (b) steady state conditions. and 1 cos 8 3π
where R ds , V f , I, D, and θ are the ON resistance of the FET, forward voltage of the BD, peak load current, modulation index, and power factor angle, respectively. The switching loss of the FET consists of contributions from the turn-on loss (P on ) and turn-off loss (P off ), which are expressed by [20] :
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where K g , V, and f sw are the correction factor, peak load voltage, and switching frequency, respectively. E on and E off are the turn-on and turn-off losses, respectively, for the test voltage V t and current I t . The reverse recovery loss of the BD is expressed by:
where I rr and t rr are the reverse recovery current and reverse recovery time, respectively. The total loss P tot of the DC-AC converter is then given by: tot fet bd on off rr nl P P P P P P P = + + + + + (6) where P nl is the non-load loss. Table 1 summarizes the electrical characteristics for the SiC and Si MOSFETs operated at T = 25˚C. These parameters were taken from data sheets for SCT2120AF [19] and FQPF16N25C [18] . Although no data were available for E on and E off in [18] , the switching times were approximately three times larger in FQPF16N25C than in SCT2120AF. For E on and E off in FQPF16N25C, the assumption. An increase in the forward current I across BD tended to result in an increase in I rr . However, the short lifetime of minority carriers in SiC meant that I rr was significantly suppressed in the SiC MOSFETs compared with in the Si MOSFETs. In this calculation, this effect was introduced by assuming that I rr = I/3 for the SiC MOSFETs and I rr = 3I for the Si MOSFETs [21] . . In the calculations, the loss due to the front stage DC-DC converter was taken into account, and the DC-DC efficiency was assumed to be 90% for both inverters. The nonload loss was assumed to be 5 W. Measured steady state DC-AC conversion efficiencies are also shown. The calculations showed an approximate 2% improvement in the saturated efficiency of the SiC-based inverter compared with the Si-based inverter. This value was somewhat smaller than the measured value of approximately 3%. This discrepancy would arise from an efficiency degradation due to the self-heating effect occurring in the Si inverter, which was not included in the present analysis. As shown in Figure 6 , measured efficiency of each inverter was gradually decreased by increasing the output power, and it deviated from the corresponding calculation. This tendency seemed to be more significant in the Si inverter compared with the SiC inverter. Judging from the lower thermal resistance of SiC MOSFETs (0.7 KW −1 for junction to case [19] ) compared with Si MOSFETs (2.89 KW −1 for junction to case [18] ), these behaviors were seemingly due to the self-heating effect of the switching devices. Enhanced self-heating effect in the Si MOSFETs should degrade their current drivability, and hence, lower the efficiency of the Si inverter. We presume this effect was responsible for the clear decrease in the efficiency of the Si inverter under high output power conditions (P out > 100 W). Figure 7 . The DC-AC converter loss in the SiC-based inverter was estimated to be one-third of that in the Sibased inverter. Figure 8 shows the contribution of power loss elements (FET conduction loss P fet , BD conduction loss P bd , turn-on loss P on , turn-off loss P off , and reverse recovery loss P rr ) in the SiC-and Si-based inverters occurring at output powers of ters were the switching loss (P on and P off ) and reverse recovery loss (P rr ). De- creases in these loss elements were responsible for the 2% improvement in efficiency of the SiC-based inverter. The contribution from conduction loss was more significant at higher output power. However, this calculation suggested that the loss improvement due to the small R ds in a SiC MOSFET would be negated by the loss enhancement due to the large V f of the body diode.
The main application of SiC power devices is multi-kW level converters. A 100-W class converter cannot fully benefit from the low ON resistance of SiC devices. However, the switching and reverse recovery losses were still improved in the SiC-converter, as shown in Figure 8 , which has yielded the 3% improvement of the DC-AC conversion efficiency in the present 100-W class inverter.
The SiC inverter was prepared by replacing the Si MOSFETs in a conventional
Si inverter with SiC MOSFETs, but the overall circuit remained optimized for Si MOSFETs. The switching frequency was also set to that of the conventional Si-inverter value. The switching frequency is related to the electric waveforms that are controlled by the filter circuit. Thus, simply replacing Si devices with SiC devices is far from an optimal design. In spite of this, the SiC inverter exhibited an efficiency superior to that of the conventional Si inverter. Optimizing the circuit is likely to further improve performance. We are currently engaged in redesigning the inverter circuit, the results of which will be reported elsewhere. 
Conclusion
We developed 100-W class power storage systems composed of spherical Si solar cells, an MPPT controller, a Li-ion battery, and one of two types of DC-AC converters. One inverter used SiC MOSFETs as switching devices while the other used Si MOSFETs. Although the circuit was not optimized for the SiC MOSFETs, the SiC-based inverter exhibited a superior DC-AC conversion efficiency compared with the conventional Si-based inverter. Power loss analysis indicated that the ON resistance had little influence on the efficiency, and that a reduction in switching and recovery losses was responsible for the higher efficiency of the SiC-based inverter. These results demonstrate the feasibility of SiC MOSFETs even for 100-W class photovoltaic power generation systems. 
